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ABSTRACT
The Wide Field Camera 3 (WFC3) on the Hubble Space Telescope (HST ) enabled the search for
the first galaxies observed at z ∼ 8− 11 (500− 700 Myr after the Big Bang). To continue quantifying
the number density of the most luminous galaxies (MAB ∼ −22.0) at the earliest epoch observable
with HST, we search for z ∼ 10 galaxies (F125W-dropouts) in archival data from the Brightest of
Reionizing Galaxies (BoRG[z8]) survey, originally designed for detection of z ∼ 8 galaxies (F098M-
dropouts). By focusing on the deepest 293 arcmin2 of the data along 62 independent lines of sight, we
identify six z ∼ 10 candidates satisfying the color selection criteria, detected at S/N > 8 in F160W
with MAB = −22.8 to −21.1 if at z = 10. Three of the six sources, including the two brightest,
are in a single WFC3 pointing (∼ 4 arcmin2), suggestive of significant clustering, which is expected
from bright galaxies at z ∼ 10. However, the two brightest galaxies are too extended to be likely at
z ∼ 10, and one additional source is unresolved and possibly a brown dwarf. The remaining three
candidates have mAB ∼ 26, and given the area and completeness of our search, our best estimate is a
number density of sources that is marginally higher but consistent at 2σ with searches in legacy fields.
Our study highlights that z ∼ 10 searches can yield a small number of candidates, making tailored
follow-ups of HST pure-parallel observations viable and effective.
Subject headings: cosmology: observations — galaxies: evolution — galaxies: formation — galaxies:
high-redshift
1. INTRODUCTION
The epoch of reionization signified the appearance of
the first stars and galaxies within the first billion years
after the Big Bang, and the transformation of the in-
tergalactic medium (IGM) from opaque to transparent.
Despite recent progress, however, it is not yet fully un-
derstood. It is now well established that reionization is
completed by z ∼ 6 thanks to observations of the Lyα
forest (e.g. Willott et al. 2007), and that the Universe
was substantially ionized around redshift z ∼ 8 when its
age was less than 600 Myr, based on the electron scat-
tering optical depth measured by Planck (Planck Collab-
oration et al. 2015). However, there is still substantial
uncertainty regarding the sources of reionization. Can
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galaxies form with sufficient efficiency at such early times
to provide enough reionizing photons (e.g. Alvarez, Fin-
lator & Trenti 2012), or is the process possibly driven by
other classes of objects such as AGN (Giallongo et al.
2012; Madau & Haardt 2015)?
Observationally, recent progress in near-IR detector
technology has dramatically advanced our ability to
search for galaxies during this epoch. Following the in-
stallation of the Wide Field Camera 3 (WFC3) on the
Hubble Space Telescope (HST ), a continuously growing
sample of galaxy candidates at z & 7 is accumulating
thanks to a variety of surveys. These range from small-
area ultradeep observations such as the Hubble Ultra-
deep Field (HUDF, Illingworth et al. 2013), to shal-
lower, larger-area searches for L & L∗ galaxies either in
legacy fields such as the Cosmic Assembly Near-infrared
Deep Extragalactic Legacy Survey (CANDELS; Grogin
et al. 2011; Koekemoer et al. 2011), or taking advan-
tage of random-pointing opportunities like in the Bright-
est of Reionizing Galaxies (BoRG) survey (GO 11700,
12572, 13767; PI Trenti). Overall, a sample approach-
ing 1000 galaxy candidates at z > 7 is known today
(Bouwens et al. 2015a), and we are beginning to identify
the first galaxy candidates from the first 500 million years
(z ∼ 9− 10; Bouwens et al. 2011a, 2014, 2015a,b; Zheng
et al. 2012; Coe et al. 2013; Ellis et al. 2013; McLure et
al. 2013; Oesch et al. 2014; Zheng et al. 2014; Zitrin et al.
2014; McLeod et al. 2015; Ishigaki et al. 2015a; Infante
et al. 2015).
These observations provide solid constraints on the
galaxy luminosity function (LF) out to z ∼ 8, which
appears to be overall well described by a Schechter
(1976) form, Φ(L) = Φ∗(L/L∗)α exp (−L/L∗)/L∗, as at
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lower redshift (Bouwens et al. 2007; Schmidt et al. 2014;
Bouwens et al. 2015a; Finkelstein et al. 2015). How-
ever, other studies suggest that bright galaxy formation
might not be suppressed as strongly at z & 7, and ei-
ther a single power law (Bouwens et al. 2011b; Finkel-
stein et al. 2015) or a double power law (Bowler et al.
2014) fit to the bright end of the LF has been explored.
This change in the shape of the bright end is in turn
connected theoretically to the physics of star formation
in the most overdense and early forming environments
where the brightest and rarest galaxies are expected to
live (Mun˜oz & Loeb 2008; Trenti et al. 2012). A de-
parture from a Schechter form could indicate a lower ef-
ficiency of feedback processes at early times, which in
turn would imply an increase in the production of ion-
izing photons by galaxies. Additionally, at z ≥ 8, the
observed number density of bright galaxies is affected by
magnification bias (Wyithe et al. 2011; Barone-Nugent et
al. 2015a; Mason et al. 2015a; Fialkov & Loeb 2015), and
this bias can cause the LF to take on a power-law shape
at the bright end. Currently, the samples at z & 9 are
still too small to draw any conclusion on which scenario
is realized, since only a handful of z ∼ 9− 10 candidates
are known.
In addition to constraining the shape of the LF, the
brightest high-z candidates identified by HST observa-
tions are also ideal targets for follow-up observations to
infer stellar population properties such as ages and stel-
lar masses (Stark et al. 2009; Labbe´ et al. 2010, 2015;
Grazian et al. 2015), ionization state of the IGM (Mun˜oz
& Loeb 2011), and spectroscopic redshift. For the latter,
confirmation of photometric candidates relies typically
on detection of a Lyman break in the galaxy continuum,
(e.g., Malhotra et al. 2005) and/or of emission lines, pri-
marily Lyman-α (e.g. Stark et al. 2010; Pentericci et al.
2011, 2014; Caruana et al. 2012; Schenker et al. 2012;
Treu et al. 2012, 2013; Finkelstein et al. 2013; Tilvi et
al. 2014; Vanzella et al. 2014) or other UV lines such as
CIII] or CIV (Stark et al. 2015a,b). Spectroscopic follow-
up for sources at z & 7.5 is extremely challenging, with
only limits on line emission resulting from most observa-
tions. Yet, the brightest targets show significant promise
of detection based on the latest series of follow-ups which
led to spectroscopic confirmation out to z = 8.7 (Zitrin
et al. 2015), with several other Lyα detections at z & 7.5
(Oesch et al. 2015; Roberts-Borsani et al. 2015).
With the goal of complementing the discovery of the
rarest and most luminous sources in the epoch of reion-
ization from legacy fields such as CANDELS, the Bright-
est of Reionizing Galaxies Survey (BoRG, see Trenti et al.
2011) has been carrying out pure-parallel, random point-
ing observations with WFC3 since 2010. BoRG identified
a large sample (n = 38) of z ∼ 8 Y -band dropouts with
L & L∗ (Trenti et al. 2011, 2012; Bradley et al. 2012;
Schmidt et al. 2014; see also McLure et al. 2013; Bouwens
et al. 2015a). This represents a catalog of galaxies that
is not affected by large scale structure bias (sample or
“cosmic” variance; see Trenti & Stiavelli 2008), which is
especially severe for rare sources sitting in massive dark
matter halos (Mh & 1011 M), as inferred from cluster-
ing measurements at z > 7 (Barone-Nugent et al. 2014).
Follow-up spectroscopy of the BoRG dropouts with Keck
and VLT has provided evidence for an increase of the
IGM neutrality at z ∼ 8 compared to z ∼ 6− 7 (Treu et
al. 2012, 2013; Barone-Nugent et al. 2015b). Currently,
a new campaign of observations is ongoing, with a re-
vised filter-set optimized for the new frontier of redshift
detection at z ∼ 9 − 10 (BoRG[z9-10]; GO 13767, PI
Trenti). Initial results from ∼ 25% of the dataset (∼ 130
arcmin2) led to the identification of two candidates at
z ∼ 10 (Calvi et al. 2015) with mAB ∼ 25− 25.5, which
are similar in luminosity to the spectroscopically con-
firmed z = 8.7 source reported by Zitrin et al. (2015),
but significantly brighter than the six J-dropouts with
mAB ∼ 26 − 27 identified in the GOODS/CANDELS
fields from a comparable area (Oesch et al. 2014).
These recent developments indicate that it might
be possible for a small number of ultra-bright sources
(MAB . −22) to be present as early as 500 Myr after
the Big Bang. Thus, they prompted us to systemati-
cally analyze the BoRG archival data from observations
in the previous cycles, which cover ∼ 350 arcmin2, to
search for bright z ∼ 10 candidates and constrain their
number density. This paper presents the results of this
search, and is organized as follows: Section 2 briefly in-
troduces the BoRG dataset. Section 3 discusses our se-
lection criteria for z ∼ 10 sources (J125-band dropouts),
with results presented in Section 4. In Section 5, we de-
termine the galaxy UV luminosity function at z ∼ 10,
and compare with previous determinations. Section 6
summarizes and concludes. Throughout the paper we
use the Planck Collaboration et al. (2015) cosmology:
ΩΛ = 0.692, ΩM = 0.308 and H0 = 67.8 km s
−1 Mpc−1.
All magnitudes are quoted in the AB system (Oke &
Gunn 1983).
2. THE BORG SURVEY
We use data acquired as part of the Brightest of Reion-
izing Galaxies (BoRG[z8]) survey, which consists of core
BoRG pointings (GO 11700, 12572, 12905), augmented
by other pure parallel archival data (GO 11702, PI Yan,
Yan et al. 2011) and COS GTO coordinated parallel ob-
servations. For an in-depth description of the survey, we
refer the reader to Trenti et al. (2011); Bradley et al.
(2012); Schmidt et al. (2014). Here, we use the 2014
(DR3) public release of the data11, which consists of
71 independent pointings covering a total area of ∼350
arcmin2. All fields were imaged using the WFC3/IR fil-
ters F098M, F125W and F160W, and in the optical V
band, using either the WFC3 F606W or F600LP filter.
We refer to the WFC3 F098M, F125W and F160W im-
ages as the Y098, J125 andH160 images, and to the F606W
and F600LP images as V606 and V600, respectively.
Exposure times in each filter vary on a field-by-field
basis, and 5σ limiting magnitudes for point sources and
aperture r = 0.′′2 are between mAB = 25.6− 27.4, with a
typical value of mAB ∼ 26.7 (Trenti et al. 2011; Bradley
et al. 2012; Schmidt et al. 2014). We note that since the
dataset originates from parallel observations when the
primary instrument is a spectrograph (COS or STIS),
there is no dithering of the exposures. To compen-
sate for the lack of dithering, the BoRG data reduction
pipeline has been augmented with a customized Lapla-
cian edge filtering algorithm developed by van Dokkum
(2001). Overall, the lack of dithering has a minimal im-
pact (∆m < 0.1) on the image and photometric quality,
11 https://archive.stsci.edu/prepds/borg/
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Figure 1. Histogram of the exposure time in H160 for the 71
BoRG[z8] fields. The vertical red line indicates texp = 900 s.
Fields with exposure times < 900 s in H160 were excluded from
our analysis.
as it has been established through comparison between
primary (dithered) versus pure-parallel observations of
the same field (Calvi et al. 2015).
Since the BoRG[z8] survey was designed to have J125
as primary detection band, some fields have only a single
short exposure in the H160-band. To ensure a consis-
tently high image quality, here we include in the analysis
only those fields with total exposure time texp ≥ 900 s in
H160. This resulted in the exclusion of 9 fields out of 71,
so that the area included in our study is 293 arcmin2.
The distribution of the exposure time in H160 for the
fields in BoRG[z8] is shown in Figure 1.
The BoRG[z8] public data release consists of reduced
and aligned science images produced with MultiDrizzle
(Koekemoer et al. 2003) with a pixel scale of 0.′′08, as
well as associated weight maps (see Bradley et al. 2012;
Schmidt et al. 2014). Following our standard analysis
pipeline to search for dropouts in the data (Trenti et al.
2011), we create RMS maps from the weight maps, and
normalize them to account for correlated noise induced
by MultiDrizzle (see Casertano et al. 2000). In short,
this is done for each field and filter by measuring the noise
in the image at random positions not associated with
detected sources (i.e. the “sky” noise), and comparing
the measurement with the value inferred from the RMS
map, which can then be corrected by a multiplicative
factor to match the measurement. Our rescaling factors
are on average ∼ 1.1 for the IR filters and ∼ 1.4 for V
(see also Trenti et al. 2011; Bradley et al. 2012; Schmidt
et al. 2014). In addition, photometric zero-points are
corrected to account for galactic reddening along each
line of sight, according to Schlafly & Finkbeiner (2011).
Using SExtractor (Bertin & Arnouts 1996) in dual-
image mode, we construct catalogues of sources in each
field, using the H160-band image for detection. Colors
and signal to noise ratios are defined based on isopho-
tal fluxes/magnitudes (FLUX ISO), while we adopt
MAG AUTO for the total magnitude of each source.
3. SELECTION OF J125-DROPOUTS
To select z ∼ 9 − 10 galaxy candidates, we use the
dropout technique (Steidel et al. 1996). At high z, neu-
tral hydrogen in the IGM almost completely absorbs UV
photons, leading to a break at the galaxy rest wavelength
of Lyα (1216 A˚). For galaxies between z ∼ 9 − 11, this
implies a drop in the J125-filter, and non-detection in the
V and Y098 bands.
Our focus on J125-dropouts implies that our sample of
candidates are essentially detected only in H160. There-
fore, to minimize the risk of introducing spurious sources,
we require a clear detection in H160, with S/NH ≥ 8. We
also impose a strong J125 −H160 break, trading sample
completeness for higher purity, and require a color cut:
J125 − H160 > 1.5, which is more conservative than the
typical J125 − H160 > 1.2 applied to legacy fields (e.g.
Bouwens et al. 2015a) since we do not have the availabil-
ity of multi-observatory data to constrain the continuum
of candidates at longer wavelengths and help control con-
tamination.
Overall, we impose the following criteria for selection
as J125-dropouts:
J125 −H160 > 1.5
S/NV < 1.5
S/N098 < 1.5
S/N160 ≥ 8.0
When computing the J125−H160 color, if the J125-band
flux has S/N < 1 we use the 1σ limit instead.
Finally, to reduce the risk of contamination from de-
tector defects surviving the data reduction pipeline, we
further impose a stellarity cut through the SExtractor
CLASS STAR parameter. We require CLASS STAR
< 0.95, where 1 corresponds to a point source, and 0
to a diffuse light profile. We then visually inspected the
dropouts that meet these criteria to reject any remaining
detector artifacts and diffraction spikes. All the sources
that meet all criteria and pass the visual inspection are
listed in Table 1, and discussed below.
4. RESULTS
We performed a search for J125-dropouts over 293
arcmin2 of archival BoRG data. We find six sources that
satisfy the J125-dropout selection with S/NH ≥ 8. The
candidates are detected over a range of magnitudes, with
four candidates between H160 = 25.8 − 26.4, and two
brighter candidates at H160 = 24.7 and H160 = 25.2.
At z = 10, this corresponds to MAB = −21.1 to −22.8.
Three candidates are detected only in H160, while the re-
maining three are detected in both J125 and H160. The
photometry of the candidates is reported in Table 1, and
postage stamps of V , Y098, J125, and H160 are shown in
Figure 2.
We derive photometric redshifts for these six candi-
dates using the photo-z code BPZ (Ben´ıtez 2000), as-
suming a flat prior on redshift, motivated by the uncer-
tainty in the density of sources at intermediate redshifts
with colors similar to those of z & 9 galaxies. For the
single band (H160) detections, the photometric redshift
distribution is flat over the range z ∼ 10 − 13. For the
two-band (J125 and H160) detections, the photometric
redshifts are sharply peaked around z = 10. The photo-
metric probability distributions are included in Figure 2
alongside the images of the candidates.
A comparison of the apparent H160 magnitude against
the photometric redshift of our candidates against z ≥ 8
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Table 1
Photometry of J125-dropouts
ID RA (deg) Decl. (deg) H160 J125− H160 S/NH S/NJ S/NY S/NV re Stellarity MABa
borg 0240-1857 25 40.1195 -18.9726 26.24 ± 0.18 > 2.53 8.1 0.1 -0.1 1.0b 0.′′13 0.71 −21.1
borg 0240-1857 129 40.1289 -18.9678 24.74 ± 0.07 2.21 14.5 2.5 0.6 0.9b 0.′′33 0.02 −22.7
borg 0240-1857 369 40.1274 -18.9612 25.22 ± 0.11 1.88 9.6 2.2 -1.7 0.2b 0.′′38 0.00 −22.3
borg 0456-2203 1091 73.9774 -22.0372 26.09 ± 0.13 > 2.47 8.1 -1.3 -0.4 0.1c 0.′′24 0.51 −21.4
borg 1153+0056 514 178.1972 0.9270 26.31 ± 0.24 > 2.64 8.0 0.02 -0.1 -0.6c 0.′′23 0.01 −21.2
borg 1459+7146 785 224.7239 71.7814 25.82 ± 0.14 1.57 12.8 3.7 -1.1 1.3c 0.′′14 0.91 −21.5
a Assuming z = 10.
b V600
c V606
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Figure 2. Postage stamps of the J125-band dropouts listed in Table 1. Each image is 3.′′2× 3.′′2. The diameter of each circle is 1.′′0. Each
image and circle is centred on the candidate dropout galaxy. The left four columns show the candidate in V , Y098, J125, and H160, while
the right-most column shows the redshift probability distribution P (z) vs z determined from BPZ for each candidate.
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candidates from other HST/WFC3 surveys is shown in
Figure 3. While two of our candidates are particu-
larly bright in H160, they are consistent with previously-
discovered candidates at z ∼ 10 by Calvi et al. (2015).
We also determine the size of the candidates, starting
from the observed half-light (effective) radius as deter-
mined by SExtractor, which is translated into an intrin-
sic source size taking into account the effects of the point-
spread function (PSF) broadening and surface brightness
limits following Calvi et al. (2015). The empirical rela-
tion has been constructed by inserting and recovering
artificial sources with known input size and magnitude
into BoRG images. Source size is very helpful to help dis-
criminate between high- and low-z sources, since direct
measurements by Holwerda et al. (2015) on CANDELS
galaxies show that z > 9 − 10 sources are more com-
pact than z ∼ 2 contaminants with similar colors. This
empirical separation might be related to an approximate
scaling of galaxy sizes as (1 + z)n with n ∼ −1 (Fall
& Efstathiou 1980; Bouwens et al. 2004, 2006; Oesch et
al. 2010), although a recent study by Curtis-Lake et al.
(2016) highlights that the intrinsic sizes likely evolve less
strongly with redshift (n ∼ −0.2) compared to observed
sizes. We discuss the contamination of our sample fur-
ther in Section 5.1.
4.1. borg 0240-1857 129
This candidate is the brightest in the sample, with
magnitude H160 = 24.7. It is robustly detected in
H160 at S/N = 14.5, and marginally detected in J125
at S/N = 2.5, even though it is close to the edge of the
chip. The source has a very red J125 −H160 color, with
J125 − H160 = 2.2. It also shows extended structure,
and has re = 0.
′′33. Its photometric redshift solution is
sharply peaked at z = 10.1, with a broad higher-redshift
wing.
4.2. borg 0240-1857 369
This candidate, in the same field as the previous one
is detected with magnitude H160 = 25.2, making it the
second-brightest source in the sample. It is detected with
S/N = 9.6 in H160, and again marginally detected with
S/N = 2.2 in J125. It is the most extended source in the
sample, with re = 0.
′′38. Its photometric redshift, like
borg 0240-1857 129, is peaked at z = 10.0, with a broad
higher-redshift wing.
4.3. borg 0240-1857 25
Field borg 0240-1857 includes a third bright candidate
with H160 = 26.4, detected at S/N = 8.1. This source is
not detected in the other bands (J125, Y098 or V 600). Un-
like the two brighter candidates, this object is more com-
pact, with a measured half-light radius re = 0.
′′13. This is
smaller than the PSF of the image (0.′′15), indicating that
it could be a point-source-like contaminant such as a cool
dwarf star, although the stellarity of this source is 0.71,
which is lower than the value expected for a point source
(e.g. Schmidt et al. 2014 uses CLASS STAR < 0.85 and
Bouwens et al. 2015a CLASS STAR < 0.9 to exclude
stars).
This candidate is close to a foreground galaxy with
H160 = 26.0, with a centre-to-centre projected separa-
tion of 1.′′25. While this foreground galaxy has an un-
certain photometric redshift solution, it is likely to be at
z > 0.5, based on its compact size. Using the framework
developed by Barone-Nugent et al. (2015a) and Mason et
al. (2015a), we estimate the gravitational lensing of this
source. Magnification PDFs are obtained by estimating
velocity dispersions from H160 magnitudes, using the em-
pirical redshift-dependent Faber-Jackson relations given
in Mason et al. (2015a) and Barone-Nugent et al. (2015a).
Velocity dispersion is the best tracer of the strength of a
strong gravitational lens (Turner et al. 1984; Schneider et
al. 2006; Treu 2010). The Einstein radii of the foreground
objects are modelled as singular isothermal spheres (e.g.
Treu 2010) which depend on the velocity dispersion and
the angular diameter distance to the source, and between
the lens and source (where we use the best photo-z val-
ues). Assuming that the foreground source is at z ∼ 2
(which maximizes lensing magnification), we infer a mag-
nification µ = 1.1± 0.1.
4.4. borg 0456-2203 1091
This object has a magnitude H160 = 26.1 (S/N = 8.1),
and is detected in the H160 only, with an extended but
compact structure (effective radius re = 0.
′′24).
The source is located relatively close (0.′′5 separation)
to a hot pixel, which appears in the Y098 and J125 im-
ages. The H160-band image is unaffected since it was
acquired in a later orbit than the images in bluer bands.
We carefully examined the individual FLT files and con-
clude that since the separation between the source center
and the hot pixel is larger than twice re, and there is no
sign of a hot pixel in the H160-band, the identification of
the candidate as a J125-dropout is robust.
4.5. borg 1153+0056 514
This candidate is detected with a magnitude H160 =
26.3, and has S/N = 8.0. It is not detected in J125,
Y098 or V . It has an effective radius of re = 0.
′′23. This
candidate is close to a foreground object (1.′′46 centre-to-
centre projected separation). The foreground object has
an apparent magnitude H160 = 25.0, and is at an inde-
terminate photometric redshift. We use the same mod-
elling framework as for borg 0240-1857 25 to estimate
the lensing magnification of this source. Assuming that
the source is at z ∼ 2, we find a maximum µ = 1.2± 0.1.
Analysis of the FLT images of this field highlighted the
presence of a bad pixel, correctly identified and masked
by the data reduction pipeline, at the outer edge of the
segmentation map of the dropout candidate in one of
the two H160 frames. To determine the impact on the
final photometry, we measured the source flux in the FLT
frames separately, finding that the candidate is detected
with S/N = 5.1 in the unaffected image and also S/N =
5.1 in the image affected by the bad pixel. Hence, we are
confident that the source is real and that the photometry
from the final drizzled image is robust.
4.6. borg 1459+7146 785
The sixth and final candidate is confidently detected
at S/N= 12.8 in H160 (H160 = 26.0), and also in the
J125 with S/N = 3.7. Its photometric redshift is sharply
peaked at z = 9.8, with a secondary solution at z ∼ 2.5.
This candidate is also very compact, with measured half-
light radius re = 0.
′′14, and the highest stellarity of the
sample (CLASS STAR = 0.91). Combining compactness
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Figure 3. The apparent H160-band magnitude vs. redshift for
z ≥ 8 galaxy candidates. The red circle points refer to the candi-
dates described in Sections 4.1-4.6. Other points refer to candidates
from other HST/WFC3 surveys as labelled. The redshift z is the
photometric redshift for all candidates except that from Roberts-
Borsani et al. (2015), where we use the spectroscopic redshift from
Zitrin et al. (2015).
with high stellarity from a high S/N source, a stellar
nature (cool dwarf) for this source is relatively likely, as
we discuss in Section 5.1.
5. NUMBER DENSITY AND LUMINOSITY FUNCTION OF
z ∼ 10 GALAXIES
To translate the results on the search of possible can-
didates at z ∼ 10 from the archival BoRG[z8] data into
a number density/luminosity function determination, we
need to assess both the impact of contamination in our
sample, and the effective volume probed by the data.
5.1. Contamination
There are multiple classes of lower-z sources that may
have similar J125−H160 colors to z ∼ 9−10 Lyman-break
galaxies (LBGs), such as Galactic stars, intermediate-
redshift passive galaxies, and strong line emitters.
Cool, red stars in the Milky Way may be possible con-
taminants of our sample, although typical colors lack a
strong J125 − H160 drop. At low signal-to-noise ratio,
the separation of point-like Galactic stars from resolved
galaxies using the SExtractor CLASS STAR parame-
ter is not fully reliable. We use CLASS STAR < 0.95
in our selection of J125-dropouts in Section 3 to reject
artifacts remaining from the reduction process, but this
is not a strict enough criterion to reject all stars from
our sample. In this case, five of our candidates iden-
tified as J125-dropouts have CLASS STAR < 0.8, with
only borg 1459+7146 785 having CLASS STAR > 0.9 (a
value considered by Bouwens et al. 2015a as indicative of
a stellar nature). Therefore we conclude that this source
is most likely a stellar contaminant with unusual colors.
Emission-line galaxies are another source of contam-
ination for z ∼ 9 − 10 galaxy samples. For example,
galaxies at z ∼ 3 with strong [OII] emission may appear
bright in H160-band while the galaxy continuum is too
faint to be detected in the other bands (Atek et al. 2011;
Huang et al. 2015). Bouwens et al. (2015b) find that, at
z ∼ 8, the average density of extreme line emitters that
enter the photometric selection is ∼ 10−3 per arcmin−2,
by creating mock catalogs of extreme emission line galax-
ies with varying J125 magnitude and spectral slope β.
Extrapolating this result to z ∼ 10, we expect to find
nc = 0.3 potential contaminants of this type over our
survey area. This value is in line with previous spectro-
scopic observations of z ∼ 8 BoRG candidates by Treu
et al. (2012, 2013) using the MOSFIRE spectrograph on
the Keck telescope, and by Barone-Nugent et al. (2015b)
using XSHOOTER on the Very Large Telescope. These
studies found no emission lines in the spectroscopy of
z ∼ 8 candidates, and are able to rule out emission lines
from a low-z extreme emission line contaminant to 5σ,
assuming that all of the H160 flux is due to a strong emis-
sion line. Barone-Nugent et al. (2015b) also find that,
with a 3hr exposure, only a small part of the spectrum
(∼ 14%) is so affected by atmospheric transmission and
absorption by OH lines that a strong emission line would
not be detected to 2σ.
The last, and probably most severe class of contam-
inants, is that of passive and dusty galaxies that thus
show a strong Balmer break and a very faint UV con-
tinuum. Under these conditions, z ∼ 2 sources may
mimic properties of LBGs and thus enter into our selec-
tion. Observations with Spitzer/IRAC at 3.6 and 4.5µm
can efficiently distinguish between high- and low-redshift
sources. In fact, dusty z ∼ 2 galaxies will appear 1-
2 magnitudes brighter in [3.6] and [4.5] than in H160,
while z ∼ 9 − 10 LBGs will have a relatively flat spec-
trum. Without Spitzer data, we rely on the size of the
sources as proxy for the H160 − [4.5] color, considering
sources with re > 0.
′′3 as likely contaminants. Holwerda
et al. (2015) find that, while the mean size of candidates
in the z ∼ 10 sample from Oesch et al. (2014) is 0.′′13,
low-redshift, IRAC-red interlopers have a mean size of
0.′′6, but can be as small as 0.′′35, and there are no high-z
candidates with sizes greater than 0.′′2 (Figure 4, Hol-
werda et al. 2015). Hence, we take 0.′′3 as a threshold.
The two brightest sources in our sample are so extended
to fall into such classification. The sources considered
in Holwerda et al. (2015) are fainter than the z ∼ 10
candidates in our sample, and so it is conceivable that
the larger sizes of borg 0240-1857 129 and borg 0240-
1857 369 are due to their higher luminosities. Using the
size-luminosity relation derived in Holwerda et al. (2015),
we infer that the size of a z = 10 galaxy at MAB = −22.7
(the brightest in our sample) would be 0.′′17± 0.′′04, be-
low our threshold of 0.′′3. This size cannot be used to
completely reject extreme emission-line galaxies, which
are likely to be more compact. For example, Huang et
al. (2015) find that their sample of 52 extreme emission
line galaxies in CLASH have FWHM < 0.′′9, similar to
our re < 0.
′′3 criterion for z ∼ 10 candidates.
In addition to finding the redshift probability dis-
tribution of our six candidates using BPZ, we also
fit SED templates described in Oesch et al. (2007).
From this, we find an average probability P (z < 8)
of 54%. We conclude that three out of the six can-
didates, borg 1459+7146 785, borg 0240-1857 129, and
borg 0240-1857 369, are likely to be contaminants. For
the remaining three, contamination is still a possibility,
and hence we make a conservative assumption of 33%
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contamination (two out of three sources at z ≥ 10), based
on the estimate from the BoRG[z9-10] survey (Calvi et
al. 2015) using the average probability P (z < 8) for the
candidates in their sample.
5.2. Clustering in borg 0240-1857: evidence for or
against contamination?
Of the six possible candidates identified in the full
BoRG[z8] survey, three of them, including the two bright-
est, are found in the same field (borg 0240-1857). The
exposure time for this pointing is similar to the median of
the survey (texp = 1400 s in H160), and thus such a catch
is highly unlikely under the assumptions of a uniform
distribution of candidates in the 62 fields analyzed here.
Based on theoretical expectations, the presence of clus-
tering can be used to verify the identity of bright high-z
sources (Mun˜oz & Loeb 2008), under the broad assump-
tion that UV luminosity is correlated with dark-matter
halo mass (e.g., Trenti et al. 2010; Tacchella et al. 2013).
Overdensities have also been identified at z ∼ 8 in LBG
samples (Trenti et al. 2012; Ishigaki et al. 2015b). How-
ever, one alternative possibility, more consistent with the
relatively large size of the two bright J-dropouts, would
be the presence of an overdensity of passive and dusty
satellite galaxies within an intermediate redshift group.
In either case, a further exploration of this configuration
is very interesting since it can either identify an exciting
overdensity of unexpectedly bright sources at z ∼ 10,
or shed light on the properties of intermediate redshift
galaxies with extreme J −H colors.
5.3. Completeness
We perform source recovery simulations to determine
the efficiency and completeness of our selection, follow-
ing Oesch et al. (2007, 2009, 2012). To do this, we insert
and recover artificial galaxies with a Se´rsic luminosity
profile in the images. Half of the sources follow a de Vau-
couleurs profile (Se´rsic index n = 4), and the other half
follow an exponential profile (Se´rsic index n = 1), span-
ning a range of magnitudes (24 ≤ H160 ≤ 28), redshifts
(8.2 ≤ z ≤ 11.8) and sizes (logarithmic distribution with
mean 0.′′175 at z ∼ 7, scaling as (1 + z)−1). The spectra
of the sources are modeled as power law f(λ) ∝ λβ with
β = −2.2±0.4 (Gaussian distribution) with a sharp cut-
off at rest-frame λ = 1216 A˚. The intrinsic profiles of
the artificial sources are convolved with the WFC3 PSF
for each corresponding filter, before being inserted into
the BoRG science images at random positions. Sources
are then identified with SExtractor, and the statistics of
the recovery rate is quantified. This is through the def-
inition of C(m) which is the completeness of the source
detection, that is the probability of recovering an artifi-
cial source of magnitude m in the image, and of S(z,m),
which is the probability of identifying an artificial source
of magnitude m and redshift z within the dropout sam-
ple, assuming that the source is detected. One example
of the selection function for the dropout search in field
borg 0440-5244 is shown in the bottom panel of Figure
4, while the upper panel of the same figure shows the
overall effective volume probed by our search over all
BoRG archival fields as a function of the apparent H160
magnitude.
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Figure 4. Top panel: The effective volume in comoving Mpc3
recovered from simulations, as a function of the apparent H160
magnitude. Bottom panel: An example of the selection function
S(z,m) for field borg 0440-5244. The selection function is derived
from simulations, by inserting and recovering artificial sources.
5.4. Determination of the luminosity function
From the discussion in Section 5.1, we consider the
two brightest sources to be likely contaminants because
of their large half-light radii, and we exclude the point-
like source borg 1459+7146 785 as well. For the surviv-
ing three candidates we assume a contamination rate of
33%, e.g. we expect two sources to be at z ∼ 10. After
taking into account the effective volume probed by our
selection, our estimates for the bright-end of the luminos-
ity function at z ∼ 10 is reported in Table 2, and shown
in Figure 5. Interestingly, we infer a higher number den-
sity of bright sources than previous determinations by
Bouwens et al. (2015a,b) around MAB ∼ −21, although
the uncertainty is very large because of the small num-
ber of candidates. For brighter sources (MAB . −21.5),
our upper limits on z ∼ 10 density are similar to those
obtained in legacy fields, and strengthen the evidence for
suppression of the abundance of galaxies at the bright-
end of the luminosity function.
When compared to the initial results from the ongoing
BoRG[z9-10] survey (Calvi et al. 2015), assuming that
our two brightest sources are low-redshift contaminants,
we do not find evidence of ultra-bright (MAB ∼ −22)
galaxies despite analyzing data covering more than twice
the area. If follow-up observations of our brightest
sources indicate that they are likely at high redshift, we
would instead determine that the LF is higher at the
bright end than the upper limit from Bouwens et al.
(2015a), and is instead consistent with the determina-
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Table 2
Step-wise rest-frame UV LF at
z ∼ 10
MUV,AB φ (10
−5 Mpc−3 mag−1)
−22.78 < 0.26
−21.98 < 0.39
−21.18 2.1+2.9−1.4
tion by Calvi et al. (2015) at MAB = −22.3.
Overall, our LF determination is higher, but still con-
sistent at ∼ 2σ with the theoretical model of Mason et al.
(2015b), shown as grey shaded area in Figure 5. Previous
studies did not attempt unconstrained fits to the z ∼ 10
LF, likely because of the small number of candidates. To
evaluate the status of the situation with our additional
datapoints, we attempt to derive Schechter parameters
for a maximum likelihood fit to the stepwise LF data,
carried out assuming a Poisson distribution for the num-
ber of galaxies expected in each bin (see Bradley et al.
2012). Due to the non-detection at MAB = −19.23 by
Bouwens et al. (2015a), the LF is suppressed at the faint
end. This leads to a likelihood landscape that is very flat
over a wide region of the parameter space, and hence, we
are unable to sufficiently constrain the Schechter param-
eters. Our fit attempt thus highlights that the dataset
is still too small for tight quantitative constraints, but
future growth in the number of candidates identified will
allow rapid improvements.
Finally, we note that our conclusions rest on the as-
sumption that the two brightest candidates we identi-
fied in field borg 0240-1857 are contaminants. If we were
to include them in the analysis as z ∼ 10 sources, we
would infer that the LF would favor a power law at the
bright end, rather than a Schechter form. Evidence for
a single or double power-law form at high redshift has
been seen in determinations of the LF at z ∼ 7 − 8
(Bowler et al. 2014; Finkelstein et al. 2015, also earlier
considered by Bouwens et al. 2011b), and potentially at
z ∼ 10 by Calvi et al. (2015), and may be naturally
interpreted as a decrease in mass quenching from pro-
cesses such as AGN feedback at high redshift (Bowler et
al. 2014). Magnification bias, however, can also produce
this effect on an otherwise Schechter-like LF. Thus, the
astrophysical interpretation of our search ultimately rests
on follow-up observations to establish the nature of the
candidates borg 0240-1857 129 and borg 0240-1857 369.
In any case, it is very interesting to note that the num-
ber of potential candidate J-dropouts that we identified
is small (just six in over 60 fields), making further ob-
servations time-efficient, especially because half of the
sources are clustered in a single pointing.
6. CONCLUSIONS
In this paper we presented a search for z ∼ 9 − 10
candidates in archival data of the 2010-2014 Brightest of
Reionizing Galaxies (BoRG[z8]) survey, a pure-parallel
optical and near-infrared survey using HST/WFC3.
While the survey was optimized to identify z ∼ 8
sources as Y098-dropouts, we searched over the deepest
293 arcmin2 of the survey for J125-dropout sources with
H160 . 26, motivated by recent identification of very
bright sources with z ∼ 9. Our key results are:
• We identify six z ∼ 10 galaxy candidates, detected
in H160 at S/N > 8 and satisfying a conservative
J125 − H160 color selection with non-detection in
bluer bands of the survey. The candidate’s mag-
nitudes vary from H160 = 24.7 to H160 = 26.4.
Analysis of the surface brightness profile leads to
the tentative identification of three contaminants,
with the two brightest sources likely being interme-
diate redshift passive galaxies due to their size, and
one faint source a galactic cool dwarf star because
of the compact size and high stellarity.
• Of the six candidates, three are in the same field,
borg 0240-1857, including the two brightest of the
sample. Such strong clustering would be naturally
explained if the sources were z ∼ 10 (see Mun˜oz
& Loeb 2008), despite contrary indication from re,
but an alternative explanation of sub-halo cluster-
ing at intermediate redshift would also be viable.
• Based on our best estimate of the LF, we in-
fer a higher galaxy number density for sources
at MAB ∼ −21 compared to the observations of
Bouwens et al. (2015a,b) and with the theoreti-
cal model of Mason et al. (2015b). However, our
measurement is still consistent at the 2σ level with
these studies.
• Irrespective of the nature of the two brightest
sources in the sample, the selection criteria that
we adopted yield a small number of candidates,
very manageable for follow-up observations. This
is quite remarkable, since the BoRG[z8] survey was
not designed with z ∼ 10 in mind, and the num-
ber of contaminants could have been much larger
given the absence of a second detection band and
the lack of a near-UV color to help remove passive
and dusty intermediate redshift galaxies.
• Targeted follow-up observations can efficiently clar-
ify the nature of the candidates we identified, help
to further constrain the bright-end of the LF and
characterize the properties of the yet unstudied
population of compact intermediate redshift pas-
sive galaxies that mimic the colors of z > 8 sources.
The efficiency of targeted follow-ups and the overall
potential to complement searches for z ∼ 10 sources tra-
ditionally carried out in legacy fields are demonstrated
by the very recent award of Spitzer IRAC time to our
team to investigate the nature of the sources discussed
here (PID #12058, PI Bouwens). With these observa-
tions, it will be possible to clarify the behavior of the
bright end of the LF at z ∼ 10, as well as to confirm
ideal targets for further spectroscopic follow-up investi-
gations without having to wait for James Webb Space
Telescope.
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Figure 5. Step-wise determination of the UV LF at z ∼ 10.
The red circle and red upper limits refer to the values discussed in
Section 5.4. Other symbols refer to Bouwens et al. (2015a,b); Calvi
et al. (2015) as labelled. Error bars are 1σ Poisson errors, and limits
are 1σ upper limits. Our best fit determination is shown as solid red
line, while the dashed red line is one example of another equally
acceptable fit, highlighting that the current data are insufficient
for strong constraints on the LF shape. The overplotted gray line
indicates the z ∼ 10 LF from the theoretical model of Mason et
al. (2015b), with shaded region being the 68% contour of its φ∗
uncertainty.
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